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INTRODUCTION 

Increas ing ly ,  l i q u i d  hydrazine (N H4) i s  coming t o  be considered as a 
For such convenient source of hydrogen r a t h e r  t 6 an j u s t  as a rocke t  f ue l .  

purposes, t h e  hydrogen i s  usua l l y  obta ined by passing t h e  hydrazine through 
a heated c a t a l y t i c  bed. One convenient measure o f  t h e  e f fec t i veness  o f  a 
c a t a l y t i c  decomposition device as a whole i s  t o  compare t h e  q u a n t i t y  o f  
hydrogen produced w i t h  t h e  e q u i l i b r i u m  concent ra t ion  of t h e  gaseous species 
N2H4, NH3, N2, and H which would e x i s t  a t  t h e  temperature and pressure 
found i n  var ious  parqs o f  t h e  device. 
r e a d i l y  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  c a l c u l a t i o n s  o f  t h e  concentrat ions 
were c a r r i e d  o u t  and are  repor ted here. 

Since such data do no t  seem t o  be 

The r e p o r t  begins w i t h  a review o f  t h e  p e r t i n a n t  l i t e r a t u r e ,  c i t i n g  
experimental r e s u l t s  o r  curve f i t s  t o  t h e  data where ava i lab le .  
f o r  t h e  computer program i s  then described. 
r e s u l t s  i n  both t a b u l a r  and graphica l  forms i s  a comparison between t h e  
computed e q u i l i b r i u m  concentrat ions and a v a i l a b l e  experimental data. 

The bas is  
Fol lowing presenta t ion  o f  t h e  





SURVEY OF THE LITERATURE 

This  sec t ion  provides a b r i e f  survey of t h e  a v a i l a b l e  l i t e r a t u r e  on t h e  
thermodynamic p roper t i es  of hydrazine and i t s  decomposition products as 
we l l  as t h e  decomposition reac t i on  i t s e l f ,  

Several surveys of  t h e  thermodynamic p roper t i es  of hydrogen, n i t rogen,  
ammonia, and hydrazine are  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  The f i r s t  of these, 
by J. B. Evans and V. J .  DeCarlo (1965) was intended as a b ib l iography  f o r  
i nves t i ga t i ons  i n t o  t h e  chemistry o f  "cometary phenomena". A second b i b l i o -  
graphy of thermo-chemical data was published by M. K. Buresh, M. L. R e i l l y ,  
G. T. Furukawa, and G. T, Armstrong (1965) of t h e  Nat ional  Bureau of Stand- 
ards. This  p a r t i c u l a r  r e p o r t  1 i s t e d  t h e  low-range temperature range data 
for  t h e  heat-capacit ies, entha6py, and entropy of ammonia, carbon d iox ide,  
and water. Both. repo r t s  cons i'sted o f  references t o  o the r  i nvest i ga t  ions. 
Proper t ies  o f  gaseous n i t rogen,  hydrogen, ammonia, and hydrazine have been 
tabu la ted  and are  presented g raph ica l l y  i n  t h e  N.A.S.A. Design Guide for  
Pressurized Gas Systems , Vo I ume I I ( I966 1. 

The data f o r  hydrogen and n i t rogen  are we l l  known and w i l  
no t  be discussed f u r t h e r  here. 

t h e  r e f  o r e  

J. L. Haws and D. G. Harden (1965) presented empi r i ca l  equations for 
t h e  thermodynamic p roper t i es  of hydrazine, i nc lud ing  vapor pressure, sa t -  
urated l i q u i d  density, and t h e  heat capac i t ies .  From t h e  ' t r i p l e  p o i n t '  
t o  t h e  c r i t i c a l  po in t ,  t h e  vapor pressure i s  represented by 

( I )  Rn P = 24.24 - (18,184.9/T) + 0.47629(Rn T I  - 0.003863T + 
(1115.43~1190.08 - T)/l190.088)Rn(1190.8 - T )  

for pressure i n  p s i a  u n i t s  and temperature i n  O R  un i t s .  
r e l a t i v e l y  smal I .  
i ng  r e l a t i o n s :  

The e r r o r  i s  
For t h e  heat capaci t ies,  these au.thors g i ve  the  f o l  low- 

-3 3 (3)  Cv = 0.075903 + 0.52715 x 10-3T - 0.1 I9907 x IO 1 
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An equation o f  s t a t e  f o r  gaseous hydrazine was presented i n  t h e  form 
-xT/TC -xT/Tc 

A2 + B2T + C2e A3 f B3T + C3e 
(4 )  P = RT/(V - b )  + 4- 

2 
( V  - b)  

3 
( V  - b)  

5 
( V  - b )  

4 
( V  - b )  

where R = 10.7315/mole w t  

b = 0.0299451 f t3 / lbm 

x = 8.0000 

Tc = 1175.69OR 

A = -32.21898 

B = 0.00294549 

C2 = -1171.2876 

A3 = 0.869588 

2 

2 

B3 = 0. I6838487 x 

C = 46.250721 

A = -0.202100 x IO-' 

B5 = 0.12899897 x 

3 

4 

The equations were used i n  computing proper ty  values for  a temperature 
range from 32 OF t o  14OO0F, and f o r  pressures from 1.0 p s i a  t o  8000 psia. 
should be noted t h a t  t h e  equations were c u r v e - f i t t e d  t o  match experimental 
data provided by o the r  inves t iga tors .  

I t  

M-S. Jhon, J. Grosh, and H. Eyr ing (19671, us ing t h e  s i g n i f i c a n t  
s t r u c t u r e  theory  o f  l iqu ids ,  computed t h e  thermodynamic p roper t i es  o f  l i q u i d  
hydrazine (and o t h e r  chemicals). The computational r e s u l t s  were claimed t o  
be i n  good agreement w i t h  experimentally-determined proper ty  data. These 
p roper t i es  were 1 )  t h e  vapor pressure, 2 )  t h e  molar volume, 3 )  t h e  entropy, 
4) t h e  c r i t i c a l  temperature and pressure, 5 )  t h e  constant  volume and constant  
pressure heat  capaci t ies,  61 th.e c o e f f i c i e n t  o f  thermal expansion, and 7)  t h e  
compress ib i l i t y .  
puted by o the r  methods which a r e  r e l a t e d  t o  t h e  s i g n i f i c a n t  s t r u c t u r e  theory  
of l i qu ids .  

The surface tens ion  and t h e  d i e l e c t r i c  constant were com- 

4 



The " s i g n i f i c a n t  s t ruc tu re "  theory  fo r  I i qu ids  is actua l  l y  a model 
approach for  descr ib ing  t h e  mechanical and thermodynamic p roper t i es  o f  
I iqu ids.  

Let  V be t h e  mole volume of t h e  l i q u i d  s tate,  V s  be t h e  mole volume of 
t h e  s o l i d  s t a t e  a t  t h e  me l t i ng  po in t ,  and V, be t h e  mole volume o f  t h e  
"sol i d  I i ke s t ruc tu re "  i n  i t s  molten s ta te .  The "excess volume" o f  t h e  
l i q u i d  i s  def ined as V - Vs. Th is  volume i s  due t o  expansion o f  t h e  chem- 
i c a l  substance upon me l t i ng  and en te r ing  t h e  l i q u i d  phase. The l i q u i d  i s  
considered t o  have molecular "vacancies" i n  i t s  i n t e r i o r ,  and t h e  t o t a l  
volume o f  these vacancies i s  t h e  "excess volume". 
molecules i n  t h e  l i q u i d  s t a t e  t o  have t r a n s l a t i o n a l  degrees of freedom. 

Th is  volume permi ts  

I f  a molecule i s  completely surrounded by o t h e r  molecules, then it 
can o n l y  o s c i l l a t e .  The o s c i l l a t i o n  frequency w i l l  be nearly t h e  same as 
i f  t h e  molecule were i n  a s o l i d  s ta te .  I f  t h e  molecule i s  adjacent t o  a 
"vacancy", then t h e  molecule w i l l  have - t rans lat ional  degrees of freedom, 
and w i l l  behave as i f  it were i n  a gaseous phase. 

The p a r t i t i o n  func t i on  used i n  t h e  theory  i s  formed from t h e  m u l t i -  
p l i c a t i o n  o f  t h e  p a r t i t i o n  func t ions  f o r  each t ype  o f  s t ruc tu re .  
f a c t o r i a l  term is included t o  account f o r  t h e  lack of d i s t i n c t i o n  between 
t h e  'gas' molecules. 

A 

The l i q u i d  s t a t e  p a r t i t i o n  func t i on  was w r i t t e n  i n  t h e  form 

where f (  
molecular degeneracy of pos i t i on .  

a re  t h e  p a r t i t i o n  func t ions  for  s o l i d  and gas s tates,  and t h e  

5 



The Helmholtz f r e e  energy func t i on  was expressed as 

Using t h e  above equation, t h e  vapor pressure was computed i n  t h e  f o l l o w i n g  
manner. For a constant  temperature, t h e  Helmholtz f r e e  energy was p l o t t e d  
as a func t i on  o f  volume. Through p o i n t s  common t o  t h e  l i q u i d  and vapor 
s ta tes,  a tangent was drawn, whose slope g ives t h e  vapor pressure. The 
values o f  volume for  t h e  two tangency p o i n t s  g i v e  t h e  values f o r  t h e  l i q u i d  
and vapor molar volumes. 

The entropy of vapori z a t  i on was computed from t h e  r e  I a t  i on 

( 7  1 S = - [z] = [:(kT An f ) ]  
aT V V 

and t h e  vapor iza t ion  entropy was g iven by S 
vapor and 1 i qui  d s ta tes  respect ive I y . 
g i ven by 

- SI, where ' g '  and ' 1 '  i nd i ca te  
The sonstant-voi ume heat capaci ty  i s  

V 
cv - ( 8 )  

and t h e  constant-pressure heat-capacity is given by 

2 a 

where 

T 

which is t h e  thermal expansion c o e f f i c i e n t ,  and 

which i s  t h e  compress ib i l i t y .  The c r i t i c a l  temperature, pressure, and volume 
were computed by an i t e r a t i o n  method us ing t h e  cond i t ions  

6 



P = -[;IT 
The surface tens ion  was computed by an i t e r a t i o n  technique which 

accounted f o r  p o l a r  l i q u i d  o r i e n t a t i o n  e f f e c t s .  The d i e l e c t r i c  constant  
was expressed as a func t i on  o f  t h e  index o f  r e f r a c t i o n  and t h e  d ipo le  
moment . 

A comparison of t h e  r e s u l t s  o f  Haws and Harden, w i t h  those o f  Jhon, 
Grosh, and Eyring, f o r  vapor pressure and constant pressure heat capaci ty  
show discrepancies. Only f o r  t h e  saturated l i q u i d  dens i ty  i s  t h e r e  rea- 
sonable agreement. The f o l l o w i n g  t a b l e  compares t h e  r e s u l t s  o f  t h e  two 
computations f o r  t h e  vapor pressure o f  N2H4. 

Table 1 .  Comparison o f  computed vapor pressures. 

T, O K  

273 

293 

313 

333 

1 343 

0.01 

0.003539 

0.0 I35658 

0.04322 0.04 

0. I1850 0.20 

0.27 0. I8696 
I 

No comparison i s  poss ib le  for  temperatures above 400 OK. 

A comparison of  t h e  constant-pressure heat capac i t i es  g ives t h e  
fo l low ing :  

7 



Table 2. Comparison o f  computed constant-pressure heat capac i t ies .  

T, O K  

273 

298 

300 

400 

ca I /g-mo I e-OK ;I' aws and Harden) 

11.7792 

12.3854 

12.4064 

14.5728 

c ca I /g-mo I e-OK 
"(Jhon e t  aI.1 

20.84 

21.27 

21.35 

25.575 

The comparison of resu I t s  fo r  both vapor pressure and constant-pressure 
heat-capaci t ies show t h a t  Jhon, Grosh, and Eyr ing  cons is ten t l y  obtained high- 
e r  values a t  e levated temperatures than d i d  Haws and Harden. 

By contrast ,  t h e  r e s u l t s  obta ined i n  each study f o r  t h e  saturated l i q u i d  
densi ty  were i n  good agreement. 

Table 3. Comparison o f  computed s p e c i f i c  volumes. 

T, O K  V, cc/mole (H&H) V, cc/mole (J,G,&E) 

273 31.261 31,327 

29 3 31 .7269 31.67 

308 32. I294 31.984 

400 35.86 I27 34.016 @ 387.3 (bp) 

I f  t h e  r e s u l t s  o f  Haws and Harden, and those of  Jhon, Grosh, and Eyr ing 
are compared w i t h  t h e  p roper t i es  tabu la ted  i n  t h e  N.A.S.A. Design Guide, t h e  
r e s u l t s  of Haws and Harden are found t o  compare favorably  w i t h  those l i s t e d  
i n  t h e  Design Guide. For t h e  purposes of t h e  present  study, then, t h e  
equations of Haws and Harden w i l l  be used t o  prov ide standards against  
which t o  compare t h e  r e s u l t s  of numerical computations made us ing t h e  N.A.S.A. 
e q u i l i b r i u m  composition ana lys is  computer program. 
described i n  d e t a i l  i n  subsequent sec t ions  o f  t h e  present work. For t h e  
moment it is s u f f i c i e n t  t o  note t h a t  i n  these computations each specie i s  
assumed t o  be a p e r f e c t  gas. 

These computations are 

8 



O f  t h e  major products o f  hydrazine decomposition, t h e  on ly  one which 
can I i q u i f y  
i s  ammonia. Since a gas i s  usua l l y  q u i t e  imper fect  thermal ly  near s a t u r a t i o n  
i t s  exact thermodynamic p roper t i es  under these cond i t i ons  are o f  considerable 
i n t e r e s t  t o  one wish ing to r e f i n e  e q u i l i b r i u m  composit ion ca l cu la t i ons .  

i n  t h e  range of temperatures and pressures o f  present i n t e r e s t  

i ca 
of  
and 
n i a  
and 

The thermodynamic p roper t i es  of ammonia have been tabu la ted  and graph- 
l y  presented i n  t h e  N.A.S.A. Design Guide (1966). S p e c i f i c  p roper t i es  
nterest ,  which a re  l i s ted ,  a re  I )  t h e  vapor pressure o f  l i q u i d  ammonia, 
2 )  t h e  dens i ty  o f  saturated ammonia vapor, 3) t h e  dens i ty  o f  l i q u i d  ammo- 
as a func t i on  o f  both pressure and temperature, 4) t h e  heat capaci t ies,  
5 )  t h e  heat o f  vapor izat ion.  

The heat o f  format ion o f  gaseous ammonia i s  -11.02 kcal/mole (Penner, 
1968). Equations o f  s t a t e  which may be used f o r  ammonia are 1 )  t h e  Ber the lo t  
equation, 2 )  van der Waals, 3)  Beattie-Bridgeman, and 4) t h e  D i e t e r i c i  equa- 
t i o n .  The equations g iven below are taken from Penner (1968). The Ber the lo t  
equation i s  

where pc and Tc a re  respec t ive ly  t h e  c r i t i c a l  pressure and temperature. 
gas constant R f o r  ammonia i s  obtainable, f o r  any s e t  o f  un i ts ,  from t h e  
N.A.S.A. Design Guide. 

The 

The van der Waals equation would g i ve  

where a = 3pcVc2 and b = Vc/3. 

The Beattie=Bridgeman equation f o r  gaseous ammonia i s  

where A, = 2.3930 

Bo = 0.03415 

a = 0.17031 

b = 0.019112 

c = 476.87 x IOy4 

9 



for  u n i t s  i n  atmospheres, l i t e r s  per  mole, and OK.  

The D i e t e r i c i  equation, which i s  very accurate near c r i t i c a l  points, i s  

(18) [Pe'](V - b )  = RT 

where a = 7.39pcVc2 and b = Vc/2. 

The values f o r  t h e  constants i n  these equations are from Hirschfe lder ,  
Cur t i ss ,  and B i r d  (1954). 

The remainder of t h i s  review i s  concerned w i t h  papers t r e a t i n g  t h e  
decomposition o f  hydrazine. 

K. W. Michel and H. Gg. Wagner (1965)  s tud ied  t h e  thermal decomposi- 
t i o n  of N2H4 d i l u t e d  w i t h  argon and/or helium, behind shock waves, i n  t h e  
temperature range 1100 OK t o  1600 OK, f o r  pressures from 26.65 atm t o  80.0 
atm. For temperatures between 1100 O K  and 1200 OK, decomposition d i d  n o t  
s t a r t  u n t i  I an ' i nduc t i on  per iod '  had passed. For temperatures g rea te r  than 
1300 OK, t h e  decomposition reac t i on  begins by f o l  lowing a f i r s t - o r d e r  reac- 
t i o n - r a t e  law, and then changes t o  successive reac t ions  o f  vary ing  order .  

A reac t i on  o f  o rder  one fo l l ows  a r a t e  law such as 

(19) 

where c = 
Reactions may have an order  g rea te r  than one. 

specie concentrat ion, k, = t h e  r a t e  constant, and t = t ime. 
An example of such a reac t i on  

i s  

(20 1 

Let  CA be t h e  concentra 
B. Let  t h e  supersc r ip t  
The reac t i on  r a t e  equat 

(21 1 

Def ine x = c - cA A 

A + B - X  + y .  

ion o f  specie A and CB be t h e  concentrat ion of specie 
o i n d i c a t e  t h e  value o f  a q u a n t i t y  a t  t ime  t = 0. 
ons are  

10 



If, as a specia l  case, cA0 = cBo , then 

(23) 

(24) 

0 2 dx 

d t  
- -  - k2(cA - XI 

2 - k2CA dcA - -  - 
d t  

Many reac t ions  are no t  as simple as those g iven above, and t h e  reac t i on  
order  may be non-integer i n  value. 

The r e s u l t s  of Michel and Wagner's i n v e s t i g a t i o n  confirmed t h e  "s t ra igh t -  
chain" model for  t h e  decomposition reac t i on  which had been proposed by G. K. 
Adams and G. W. Stock (1953). Reaction models for  t h e  hydrazine break-down 
are discussed l a t e r .  A t  h igher  temperatures, t h e  reac t i on  ra tes  were found 
t o  be p a r t i a l l y  dependent on t h e  t o t a l  gas densi ty .  
x moles/cm3, (26.65 atm), 

For a densi ty  of 7.5 

(25 1 log k = 12.8 - ( (52,000 cal/mole)/2.3RT 1 

and for  a dens i ty  o f  2.5 x IOm5 moles/cm3, (80.0 atm) 

( 2 6 )  l og  k = 12.0 - ( (48,000 cal/mole)/2.3RT 1.. 

The main o b j e c t i v e  of t h e  i n v e s t i g a t i o n  was t o  determine t h e  e f f e c t s  o f  
small amounts of oxygen on t h e  decomposition rate.  
amounts, (i.e. 0.2% of t h e  mix tu re)  do no t  a f f e c t  t h e  react ion.  
a tures above 1400 OK,  heavy concentrat ions of oxygen, (e.g. 
s t i l l  do n o t  a f f e c t  t h e  decomposition reac t ion .  

I t  was found t h a t  small 
For temper- 

[02]/[N2H4] =.  IO) 

The amount of ammonia formed dur ing  t h e  decomposition was a l s o  deter-  
I t  was found t h a t  a t  I100 O K  t h e  r a t i o  o f  NHJ farmed per  amount of 

decomposed i s  equal t o  one, a t  1600 O K  equal t o  0.5, and a t  2000 O K  equal 

R. Roback (1965) made an i n v e s t i g a t i o n  i n t o  t h e  thermodynamic p roper t i es  
and e q u i l i b r i u m  compositions of t h e  products o f  d i s s o c i a t i o n  of hydrogen, 
ammonia, and o t h e r  mater ia ls ,  such as graphi te ,  molybdenum, tungsten, and t h e  

ides, n i t r i d e s ,  and oxides o f  t i t a n i u m  and zirconium. The temperature 
e was from 1800 O R  (1000 OK) t o  10,000 O R  (5550 O K )  f o r  a pressure of  

mined. 

N2H 
t o  tero.  The rad i ca l  NH appeared for  temperatures above 1400 O K .  

1000 atm. The ma te r ia l s  considered were for  use i n  c o n t r o l l i n g  t h e  r a d i a t i o n  
heat t r a n s f e r  t o  t h e  moderator w a l l s  of gaseous nuclear-engined missles. The 
computations were c a r r i e d  o u t  by assuming t h a t  a l l  species obeyed t h e  ideal  
gas law. V i s c o s i t i e s  and thermal c o n d u c t i v i t i e s  were obta ined us ing data 
v a l i d  a t  one atm pressure, and a pressure c o r r e c t i o n  determined from t h e  
Enskog theory  gases. A t o m i  c and mo I ecu I a r  species were cons i dered 



i n  t h e  computation, bu t  i o n i c  species were considered t o  be of n e g l i g i b l e  
importance below a temperature of 10,000 O R  (5550 OK). The c a l c u l a t i o n s  
ind ica ted  t h a t  hydrogen d i s s o c i a t i o n  i s  important fo r  temperatures above 
7000 O R  (3880 O K ) .  

completely decomposed i n t o  H2 and N2 a t  2000 O R  (1110 O K ) .  Dens i t ies  and 
en tha lp ies  were computed for  hydrogen, ammonia, and o the r  gases, and pre- 
sented as func t ions  of temperature. 

By contrast ,  concentrat ions o f  ammonia are  almost 

I .  J. Eberste in  and 1 .  Glassman (1965) exper imenta l ly  s tud ied  t h e  
decomposition of low concentrat ions o f  hydrazine f o r  a temperature range 
of 750 O K  t o  1000 OK. 
w i t h  a d r i v i n g  pressure o f  136 atm. 
s to ich iomet ry  were determined. For hydrazine break-down ins ide  a 3-inch 
duct, t h e  reac t i on  r a t e  constant  was determined t o  be 

The apparatus used was an ad iaba t i c  flow reac to r  
Both t h e  r a t e  constants and reac t i on  

(27) k = 1010'33exp(-36,170/RT) sec-'. 

The over -a l l  react ion,  of an order  c lose  t o  one, was g iven as 

- 0.9NH3 + 0.5N2 + 0.6H2 (28 1 N2H4 

The s to ich iomet ry  of t h e  reac t i on  was determined by experiment. 

Hydrazine-water mix tu re  decomposition was a l s o  studied. For mix tures 
where t h e  water was more then one percent o f  t h e  t o t a l  volume, t h e  r a t e  o f  
decomposition was decreased by a f a c t o r  o f  ten.  
mix tures was found t o  be independent o f  t h e  amount of water present i n  t h e  
mixture, provided t h a t  t h e  amount o f  water was more than one percent of t h e  
t o t a l  volume. I t  was concluded t h a t  water must suppress one o f  t h e  decom- 
p o s i t i o n  reac t i on  steps. 

The reac t i on  r a t e  f o r  these 

Along w i t h  hydrazine, both unsymmetrical dimethyl hydrazine and mono- 
methyl hydrazine were considered. 
had t h e  slowest decomposition ra te .  

O f  t h e  three, anhydrous hydrazine, N2H4, 

E. J .  B a i r  -- e t  a l .  (1966) used t h e  exp los ive  decomposition o f  hydrazine 
as p a r t  o f  t h e i r  experimental program i n  t h e  development of a h igh- reso lu t ion  
spectrometer and t h e  spectroscopic prccedures i n  examining exp los ive  reac- 
t i ons .  The reac t  ion  was descr i bed as a se r  i es of " f ree  rad i ca I cha i n pro- 
cesses". One of t h e  f i r s t  products t o  be formed was NH2, b u t  t h i s  product 
dissappeared as t h e  reac t i on  continued, forming NH. The NH rad i ca l  i n  t u r n  
a l s o  disappeared. Both r a d i c a l s  were observed spec t romet r ica l l y .  When t h e  
NH r a d i c a l  vanished, a spectrum o f  l i n e s  i n  t h e  0 . 6 0 0 ~  reg ion  was found 
which was thought t o  a r i s e  from t h e  format ion of NZH3, termed t h e  "hydraz i l  
rad i ca I " . 



A. S. Sokol ik, V. P. Korpov, and E. S. Semenov (1967) used hydrazine 
decomposition flames i n  t h e i r  study o f  t u r b u l e n t  burn ing ra tes  and flame 
v e l o c i t i e s .  The decomposition process was considered t o  be a "s t ra igh t -cha in  
mechanism." The breaking o f  t h e  reac t i on  chain, however, i s  dependent on 
pressure. The reac t i on  order  i s  a l s o  dependent on reac t i on  pressure. A t  
low pressures, t h e  order  i s  approximatedly 1.0, and a t  h igh  pressures t h e  
order  i s  I .5. I t  was noted t h a t  hydrazine "decomposes extremely readi  ly," 
r e q u i r i n g  spec ia l  care i n  both t h e  hand1 ing  and experimental procedures. 

R. F. Sawyer and I .  Glassman (1967) have examined t h e  reac t ions  between 
hydrazine and n i t rogen  dioxide, n i t r i c  oxide, oxygen, and oxygen-n i t r ic  
oxide, by us ing an ad iaba t i c  f low reactor .  For  each react ion,  t h e  i n v e s t i -  
gators  determined reac t i on  rates, a c t i v a t i o n  energies f o r  t h e  ove r -a l l  
react ion,  and t h e  reac t i on  orders. 
water and n i t r o g e n  according t o  t h e  reac t i on  

Reacting w i t h  oxygen, hydrazine forms 

(29)  N2H4 
t O2 - 2 H20 4- N2 

For a t o t a l  pressure o f  1.0 a t m  and temperatures between 950 O K  and 
I O I O  OK, t h e  hydrazine/oxygen reac t i on  r a t e  law i s  expressed as 

( 3 0 )  

w i t h  

~ 

d t  

(31 1 k = 109.91exp(-37 ,2OO/RT) sec-l 

and a reac t i on  order  o f  one. The a c t i v a t i o n  energy was 37.2 kcal/mole. 

The reac t i on  r a t e  i s  dependent on t h e  concentrat ion ( t o  power one) 
and independent of t h e  concentrat ion o f  oxygen. Ox ida t ion  was shown t o  be 
poss ib le  whether or  no t  t h e  hydrazine was decomposed p r i o r  t o  t h e  react ion.  
The product ion o f  water by t h e  reac t i on  was bel ieved t o  be responsib le  f o r  
slowing t h e  r a t e  of decomposition. 

D. I .  Maclean and H. Gg. Wagner (1967) s tud ied  t h e  decomposition-flame 
s t r u c t u r e  f o r  both ammonia-oxygen and hydrazine vapor, determining exper i -  
menta l ly  temperature and specie-concentrat ion p r o f i l e s .  The i n i t i a l  tempera- 
t u r e s  o f  t h e  hydrazine vapor were between 70 O C  and 90 O C ,  f o r  pressures of 
0.01842 atm and 0.0342 atm. I t  should be noted t h a t  t h e  on ly  i n i t i a l  sub- 
stance i n  combustion was t h e  pure hydrazine, w i t h  no o t h e r  chemical species 
present. The react ion,  a f t e r  i g n i t i o n ,  proceeds wi'thout a i d  of any ox id izers ,  
and i s  exothermic. For t h e  hydrazine-vapor flame, a maximum temperature o f  
I350 O K  was found by means of a thermocouple. 
temperature reading t o  be too low, as t h e  ad iaba t i c  flame temperature should 
be near 1700 O K .  

The inves t i ga to rs  be l ieved t h e  
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I t  was found by experiment t h a t  increas ing t h e  flame speed decreased 
t h e  r a t e  o f  decomposition of t h e  f i r s t  few m i l l i m e t e r s  above t h e  burner. 
A major f a c t o r  i n  t h e  r a t e  o f  decomposition i s  pressure. By doubl ing t h e  
pressure, near ly  twenty mole percent of the hydrazine was broken down w i t h i n  
t h e  f i r s t  m i  I I imeter above t h e  burner. 

The concentrat ions o f  Hz, Nz, and NH3, which are t h e  products o f  t h e  
react ion,  and t h e  r a t e  o f  t h e  reaction, are no t  a f fec ted  by changes i n  t h e  
i n i t i a l  temperature o f  t h e  hydrazine vapor. The maximum temperature i s  no t  
a f fec ted  by changes i n  pressure. 

E. F. Logan and J. M. Marchello (1968) deccmposed hydrazine by means of 
an a l te rna t i ng -cu r ren t  glow-discharge flow reac tor .  Using several f l ow  ra tes  
and e l e c t r i c  currents ,  l i g h t  emmission spect ra were measured from 0.300 1-1 t o  
0.600 1-1. The most in tense spectrum was produced by molecular n i t rogen.  How- 
ever, atomic n i t rogen  spect ra were not  observed. 
hydrogen were observed. The emmision bands for  ammonia were no t  found. The 
rad i ca l s  NH, NH were found bu t  OH was not. The gaseous hydrazine vapor 
pressure was 1.6; x 10-2 atm. 

Both atomic and molecular 

I t  was found t h a t  65% o f  t h e  hydrazine i s  decomposed very rap id l y ,  w i t h  
t h e  r e s t  o f  t h e  reac tan t  decomposing a t  a slower ra te.  

The decomposition o f  hydrazine has a l so  been used i n  t h e  study o f  t h e  
d i ssoc ia t i on  energy of t h e  N-H and N-N bonds. 

1 .  P. F i she r  (1965a, b) ,  w i t h  G. A. Heath, exper imenta l ly  determined 
t h e  value f o r t h e  d i s s o c i a t i o n  energy o f  t h e  N-H bond. The value was found 
by electron-impact measurements, and by using t h e  r e l a t i o n  

where A i s  t h e  appearance p o t e n t i a l  o f  NzH3+, I i s  t h e  i o n i z a t i o n  p o t e n t i a l  
of NzH3, and D i s  t h e  d i s s o c i a t i o n  energy o f  t h e  N-H bond. 
were found were 

The values which 

(33) A(NZH3+) = 11.3 0.1 ev 

(34) I(NzH3) = 7.88 ev 

(35 1 D(H-N2H3) = 78.0 kcal/mole 

Values f o r  bond strengths, and heats of format ion and i o n i z a t i o n  p o t e n t i a l s  
o f  several chemical species r e s u l t i n g  from hydrazine decomposition were a l s o  
determi ned ( F i sher, I 965b 1 . 
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Another study o f  bond d i s s o c i a t i o n  energies, f o r  t h e  N-N bond, was made 
by H. A. Olschewski, J. Troe, and H. Gg. Wagner (1966). I t  was shown t h a t  
t h e  decomposition a c t i v a t i o n  energy must be measured fo r  decomposition a t  
h igh  pressures. A shock tube o f  70 mm diameter was const ructed and used i n  

w i t h  d r i v i n g  pressures up t o  200 atm being t h e i r  experimental program, 
appl ied. 

For decomposition a t  h 
moles/cm3, t h e  experimental 
t h e  reac t i on  ra tes .  The r e  

gh pressures, and dens i t i es  g rea ter  than 5 x 
r e s u l t s  provided t h e  temperature dependence o f  
c t i o n  ra tes  were then used i n  determining t h e  

unimolecular decomposition a c t i v a t i o n  energy, which was found t o  be 55 2 
kcal/mole. 
mined t o  be 

The reac t i on  r a t e  f o r  decomposition a t  h igh  pressures was deter-  

(36 1 k = 1013.6exp(-55,000/RT) sec-I. 

Th is  r a t e  constant  i s  f o r  t h e  ove r -a l l  react ion,  and no t  t o  be confused w i t h  
t h e  d i s s o c i a t i o n  energy of t h e  N-H bond. 

Two papers were found which discussed t h e  decomposition o f  hydrazine by 
c a t a l y t i c  means. 

A. S. Keston (1967) c a r r i e d  o u t  a t h e o r e t i c a l  study of c a t a l y t i c  reac t -  
Trans ient  and steady-state models * ors designed f o r  hydrazine decomposition. 

were developed for  temperature and specie-concentrat ion p r o f i l e s  w i t h i n  the  
reactor, as func t ions  o f  t ime and pos i t i on .  Both thermal and c a t a l y t i c -  
induced decomposition were considered, w i t h  t h e  i nc lus ion  o f  t h e  e f f e c t s  o f  
heat and mass t r a n s f e r  between t h e  f ree- f low ing  gas, and gas contained w i t h i n  
t h e  c a t a l y s t  mater ia l .  The r e s u l t s  of t h e  computations were compared w i t h  
data from hydrazine-fueled engine experiments where t h e  Shell  405 c a t a l y s t  
was used, w i t h  very good agreement between t h e  t h e o r e t i c a l  and experimental 
resu l t s .  These models prov ide an i n d i r e c t  means by which t h e  decomposition 
o f  hydrazine and ammonia may be computed. 

A summary o f  t h e  r e s u l t s  o f  t h e  steady-state reac t i on  c a l c u l a t i o n s  of 
Keston i s  g iven on t h e  f o l l o w i n g  page. The values are for  an a x i a l  d is tance 
of 0.25 f e e t  from t h e  i n l e t  end o f  t h e  c a t a l y t i c  reactor .  

* 
Temperatures va r ied  from 1000 O K  t o  1330 O K  and pressures var ied  from 7.6 

atm t o  71 atm. 



Table 4. Summary o f  steady-state reac t i on  computations o f  Keston 

P 
atm. 

7.59 

14.8 

32.6 

66.2 

71 .O 

T 
O K  

IO00 

IO20 
(1000) 

I054 
(1076) 

I120 

I054 
(1076) 

Mole Flow Rate 
I bm/ft2-sec 

I .5l 

I .52 

3.12 

6.29 

2.43 0.57 0.32 1 1 0.69 
(0.54) 

The numbers i n  ( - 1 represent experimental data d i f f e r i n g  from t h e  theo- 
r e t i c a l  computations. 

The mole f r a c t i o n s  o f  H2 and N2 produced by t h e  reac t i on  are near ly  
independent of v a r i a t i o n s  i n  pressure and temperature. The mole f r a c t i o n  
o f  hydrogen produced va r ied  between 0.53 and 0.57, and t h e  mole f r a c t i o n  
o f  n i t rogen  produced va r ied  from 0.31 t o  0.32. Ammonia mole- f ract ions 
var ied  between 0.10 and 0.16. I t  was found t h a t  i n  t h e  react ion,  mole- 
f r a c t i o n s  of ammonia reached a maximum w i t h  respect t o  a x i a l  d is tance i n  
t h e  reac to r  (or equ iva len t ly ,  t ime), and then dec l ined i n  value. Between 
575% and 71% o f  t h e  NH3 produced i n  t h e  reac t i on  decomposes t o  n i t rogen  
and hydrogen. 

I t  may be noted t h a t  f o r  t h e  maximum mass flow rate, hydrogen product ion 
was a t  a maximum, as was t h e  f r a c t i o n a l  NH3 d i ssoc ia t i on .  However, t h e  tem- 
perature of  t h e  reac t i on  reached a maximum for  lower mass-flow rates.  

A t  e i t h e r  14.8 atm o r  71.0 atm, t h e r e  was maximum outpu t  of hydrogen, 
c h i e f l y  due t o  t h e  maximum d i s s o c i a t i o n  o f  ammonia. 

A second study o f  cata lyst - induced hydrazine break-down was made by 
C. F. Sayer (1970) who a l s o  used t h e  Shel l  405 c a t a l y s t .  The purpose of  
t h e  study was t o  examine t h e  chemical k i n e t i c s  and mechanisms involved 
i n  t h e  break-down of l i q u i d  hydrazine i n  t h e  presence o f  t h e  ca ta l ys t .  
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Using t h e  Shel l  405 ca ta l ys t ,  t h e  break-down resgated i n  a gas mix tu re  
which was repor ted t o  be 99.4% N2 and 0.6% N2H4. 
hydrogen was a t t r i b u t e d  t o  I' t h e  conversion o f  t h e  hydrazine molecule i n t o  
t h e  nydrazinium ion." I f  a rhodium c a t a l y s t  was used instead of t h e  Shel l  
405 ca ta l ys t ,  then t h e  r e s u l t i n g  gas mix tu re  was near ly  50% N2 and 50% H2. 
I t  may be noted t h a t  a main component of  t h e  Shell  405 c a t a l y s t  i s  i r i d ium.  
The reac t i on  w i t h  t h e  Shel l  405 c a t a l y s t  was expressed as 

The vanish ing o f  t h e  

(37) 

For t h e  rhodium ca ta l ys t ,  t h e  reac t i on  was w r i t t e n  as 

For t h e  product ion o f  hydrogen from hydrazine, t h e  rhodium c a t a l y s t  i s  
obv ious ly  t o  be pre fer red .  

Two references a t t e s t  t o  t h e  v o l a t i l i t y  o f  hydrazine. G. P. Sutton 
(1963) noted t h a t  hydrazine may spontaneously i g n i t e  w i t h  e i t h e r  n i t r i c  
ac id  or hydrogen peroxide. 
form exp los ive  mixtures w i t h  a i r .  

I t  was a l s o  noted t h a t  hydrazine vapor may 

Sutton very b r i e f l y  discussed t h e  reac t i on  o f  hydrazine w i t h  c a t a l -  
ysts. The products o f  t h e  decomposition react ion,  t h e  exact  composition 
o f  t h e  product mixture, and t h e  pressure w i l l  depend on t h e  type  o f  c a t a l -  
y s t  used. 

I f  impur i t i es  are present i n  l i q u i d  hydrazine, o r  i n  contact  w i t h  
hydrazine vapor, then t h e  hydrazine w i l l  r e a d i l y  decompose exothermic- 
a i  l y .  

** 
The reac t i on  was stopped when t h e  t o t a l  pressure i n  t h e  experimental 

apparatus reached 1.025 atm. 

17 



E. J. Bowen and A. W. B i r l e y  (1951) found by experiment t h a t  for  very 
low pressures, and temperatures of t h e  o rde r  of  100 O C ,  t h a t  mix tures o f  
hydrogen peroxide and hydrazine vapors may co-ex is t  f o r  a b r i e f  per iod  of 
t ime w i thout  react ion.  However, decomposition w i l l  then take  place. 

A comparison among t h e  r e s u l t s  f o r  hydrazine decomposition shows f a i r  
agreement between t h e  i nves t i ga t i ons  of Michel and Wagner (1965), Eberste in  
and Glassman (19651, Sawyer and Glassman (19661, and Maclean and Wagner 
(1966). 
decomposition reac t i on  is genera l l y  

Without t h e  presence o f  a ca ta l ys t ,  t h e  s to ich iomet ry  of t h e  

By inducing decomposition w i t h  a glow-discharge a t  a pressure of 1.91 
x IOe2 atm, Logan and Marchel lo  (1968) obtained a gas mix tu re  cons is t i ng  o f  
46% H2, 28% N2, and 19% NH 

C. F. Sayer (1970) found t h a t  cata lyst - induced reac t ions  g i ve  r e s u l t s  
d i f f e r e n t  from t h e  prev ious i nves t i ga t i ons  mentioned above. Using t h e  Shel l  
405 ca ta l ys t ,  one mole o f  hydrazine r e s u l t s  i n  t h e  format ion o f  1.33 moles 
o f  ammonia. 
I f  a rhodium c a t a l y s t  i s  used, one mole o f  hydrazine decomposes i n t o  one 
mole o f  ammonia, w i t h  a f i n a l  gas composition o f  50% N2, and 50% H2. 
chemical reac t ions  were stopped when t o t a l  system pressures exceeded 1.0 
atm. 

for  85% hydrazine break-down. 
3 

The f i n a l  gas composit ion i s  however 99.4% N2, and 0.6% N2H4. 

The 

* 
Reaction pressures var ied  considerably. The pressures i n  t h e  experiments 

we r e  

Michel and Wagner 26.26 aim t o  80.0 atm 

Eberste in  and Glassman 136 atm 

Sawyer and Glassman I atm 

Maclean and Wagner 0.0184 a t m t o  0.0342 atm 
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A. S. Keston (19671, by t h e o r e t i c a l  means, found t h a t  f o r  e levated 
pressures, t h e  r e s u l t s  of decomposition of hydrazine are mostly H 

gas mix tu re  consis ted of approximately 54% 
maximum temperature was I120 OK, and t h e  m 

and N2. 

The 
As an example, f o r  a pressure o f  7.6 atm, a temperature o f  IO 6 0 O K  t h e  . 31% N2, and 15% NH . 

mum pressure was 71.8 atm. 

For r e l a t i v e l y  low pressures, and temperatures o f  t h e  o rde r  o f  1000 OK, 
t h e  present numerical i n v e s t i g a t i o n  shows t h a t  t h e  products of t h e  decom- 
p o s i t i o n  reac t i on  are almost e n t i r e l y  hydrogen and n i t rogen,  w i t h  t w i c e  as 
many moles of hydrogen being produced as n i t rogen.  

I n  comparing these r e s u l t s  w i t h  those o f  previous inves t iga t ions ,  t h e  
agreement i s  no t  unreasonable. I n  previous studies, f o r  very low pressures, 
one mole o f  hydrazine decomposed t o  approximately one mole o f  ammonia, and a 
half-mole each of hydrogen and n i t rogen.  I f  a rhodium c a t a l y s t  i s  used, t h e  
products o f  t h e  reac t i on  are  equal mole numbers o f  hydrogen and nitrogen, w i t h  
no ammonia l e f t  a t  t h e  end of t h e  react ion.  

For e levated pressures (Keston, 19671, hydrogen i s  t h e  major product 
(54%) w i t h  lesser  amounts o f  n i t rogen  (31%) and ammonia (15%). I t  may be 
seen t h a t  as pressure increases, f o r  temperatures i n  t h e  neighborhood o f  
1000 OK,  t h e  ammonia product ion decl ines, and hydrogen and n i t rogen  are  
produced i n  amounts which appear t o  approach a r a t i o  o f  two t o  one. The 
present computational p r e d i c t i o n  i s  t h a t  f o r  pressures i n  t h e  neighborhood 
o f  7.6 atmospheres and temperatures o f  about 1000 OK,  t h e  mole- f ract ions 
of t h e  decomposition products are 34% n i  t rogen and 66% hydrogen. 

Several reac t i on  mechanisms have been pos tu la ted  f o r  t h e  break-down o f  
hydrazine. 

Michel and Wagner (1964) have noted t h a t  t h e  f i r s t  two reac t i on  steps 
have been t h e o r e t i c a l l y  determined and exper imenta l ly  v e r i f i e d .  
a r e  

These steps 

- 2NH2 (40 1 N2H4 

NH2 + N2H4 N2H3 + NH3 

For low temperatures, t h e  next  steps would then be 

- H + HNNH (42) N2H3 

fo l lowed by 



or 

(44 1 H + N H -  H + N2H3 

(45 1 

(46 2NH2 - NH3 + NH 

(47 I M + NH2 + H ---+-NH3 + M 9 

2 4  2 
+ HNNH - NH3 + N2 =k H NH2 

At temperatures of 1600 OK,  the step 

(48) 2NH2 HNNH + 

preceeds react ion (6 ) .  For temperatures 
(6 )  could be replaced by the reaction 

H2 
in the neighborhood of 2000 OK, step 

(49 1 HNNH - NNH + H - 
Eberstein and Glassman (1965) considered two possibile reaction mechan- 

isms. The simple mechanism was similar to the postulated mechanism of Michel 
and Wagner, except for the last step. Michel and Wagner assumed the reaction 

+ N2 + H 
NH3 

+ HNNH I_) 'NH2 
(50) 

whereas Eberstein and Glassman consider the reaction to be 

The assumed mechanism includes branching reactions. By numerical 
techniques, the investigators found that the reaction has four parts. In 
the first part, the formation of free radicals takes place. The reaction 
steps which follow can be characterized by "steady-state" rate constants. 
The thi rd part of the reaction was characterized by decreasing f i rst-order 
rate constants. In the last part, the concentrations of free-radicals and 
the over-at I reaction rate rapidly declined. When compared with experi- 
mentally-measured stoichiometry and reaction-rates, the reaction mechanism 
was found to be "in good quantitive agreement." 

The reaction mechanism which was postulated is tabulated as follows. 

Initiation: 

(52) + x - 2NH2 + X . N2H4 
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Propagation: 

( 5 3 )  

(54) 

(55 1 

NH3 N2H3 N2H4 + NH2 I_) 

N2H3 

N2H4 

+ H + X  N2 + H2 + x -  

+ H -  NH3 + NH2 * 

Branching: 

(56) N2H3 + X - NH + NH2 + x  

+ NH - NH2 + N2H3 N2H4 ( 5 7 )  

Term i na t  ion  : 

+ N2H3 ----+- NH3 + N2 + H2 NH2 (58) 

( 5 9 )  N2H3 N2H3 

(60 1 N2H3 

(61 NH2 + NH2- N2H4 

- 2NH3 + N2 

+ H -  N2 + 2H2 

Sawyer and Glassman (1966) have tabu la ted  t h e  assumed mechanisms f o r  
react ions o f  hydrazine w i t h  n i t rogen  dioxide, n i t r i c  oxide, and oxygen. I n  
t h e  reac t  ions given, t h e  authors assumed t h a t  branching occurs before propa- 
gat ion.  

Sokol i k ,  Korpov, and Semenov ( 1967) have noted t h a t  t h e  "chain" mechan- 
ism o f  Adams and Stocks i s  usua l l y  accepted. The steps for  t h i s  mechanism 
a r e  

(62) N2H4 - 2NH2. 
Continuation: (propagation) 

NH3 + N2H3 
+ NH2 - N2H4 

N2H3 - (63) 

(64 1 

(65 1 H + N2H4 - NH3 + NH2. 

N2 + H2 + H  
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The chain breaking is dependent on the reaction pressure. For low 
pressures, the branching and termination steps are 

(66) H + N2H3 - N2 + 2H2 

(67 1 NH2 + N2H3- NH3 + N2 + H2 e 

For high pressure reactions, the branching and terminal steps are 

( 6 8 )  H + NH2 + X -  NH3 + X 

(69 1 H + H + X -  H2 + x .  

Logan and Marchel l o  (19681, discussing the glow-discharge break-down of 
hydrazine, gave the following reaction steps as the mechanism of electron- 
induced decomposition. The first step is caused by the electron interaction 

* * 
+ e  

N2H4 
+ e -  (70) N2H4 

The (*I indicates an activation state. The authors' spectrometer measure- 
ments indicated that N2H4* breaks down in two simultaneous reactions. 

* - N H  + H  (71 1 

(72)  N2H4* - NH3 + NH 

The reactions which then follow are 

N2H4 2 3  

( 7 3 )  H + N2H3, H2 + N2H2 

(74) NH + N2H4 - NH3 + N2H2 

The diazene (or di imide) decomposes as 

+ N2 + H 2 .  N2H2 (75) 

In all of the assumed reaction mechanisms, N H always participates in 
a later reaction step, as we1 I as in the initial &$p. There is disagreement 
as to the exact steps of the reaction after the initial and propagation reac- 
t ions. 

Sayer (1970) formulated a hydrazine break-down mechanism involving the 
It was postu- use of catalysts, to explain the results of his experiments. 

lated that hydrazine molecules adsorb on the catalyst surface, and react with 
other hydrazine molecules which are "in solution" to form two "cis-hydrogen" 
atoms. Additional products of this reaction are two molecules of ammonia, 
With cis-di imide adsorbed on the catalyst surface. TWO adjacent molecules of 
d i  imide then react to form nitrogen and hydrazine. The nitrogen desorbs from 
the catalyst surface, and isreplaced by another hydrazine molecule. 
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H. S. Maddix (1965) discussed t h e  break-down of ammonia i n  h i s  study of 
gaseous discharge phenomena. The ammonia decomposition was induced by an 
e l e c t r i c a l  discharge i n  a tube. The observed reac t i on  was 

A s  t h e  amount of ammonia decreased, t h e  n i t rogen  concentrat ions s t e a d i l y  
increased. The hydrogen concentrat ions f i r s t  r a p i d l y  increased, t h e  de- 
creased, and then increased again. The changes i n  t h e  amount o f  hydrogen 
were due t o  chemical adsorpt ion o f  t h e  hydrogen w i t h  t h e  tube wal ls .  

A second d iscuss ion o f  t h e  decomposition o f  ammonia was provided by 
Roback (1965). I t  was noted t h a t  above 2000 OR, ammonia i s  almost e n t i r e l y  
dissociated, t h e  products being H2 and N . 
concentrat ions become appreciable. For 7emperatures above 7000 OR,  N2 
begins t o  decompose t o  s i n g l e  atoms of n i t rogen.  

Above 4000 OR, H, NH, and NH2 

Michel and Wagner (1965) included a study o f  t h e  p y r o l y s i s  o f  NH , which 
showed t h a t  ammon i a decompos it ion  i s  a f i r s t - o r d e r  reac t  ion. 
t u r e s  between 2100 O K  and 2900 OK,  and w i t h  a ' c a r r i e r '  gas o f  argon, t h e  
reac t i on  r a t e  was 

For tern3era- 

(77) k = 10 15.64exp[- (79.5 2.5 kca I /mo I e )/RT] cm3/mo I e-sec * 

For temperatures g rea te r  than 1400 OK, NH r a d i c a l s  w i  I I be present i n  t h e  
decomposition-products mixture. 

As has been shown, values of thermodynamic p roper t i es  of hydrogen, n i t r o -  
gen, ammonia, and hydrazine are r e a d i l y  ava i lab le .  The p r o p e d i e s  o f  hydra- 
z ine  have been determined from both experlmental s tud ies  and t h e o r e t i c a l  com- 
putat ions.  Empir ical equations f o r  t h e  p roper t i es  of hydrazine have been 
presented, and equations of s t a t e  for both gaseous hydrazine and ammonia have 
been l i s t e d .  

I n  t h e  foregoing,previous s tud ies  o f  hydrazine decomposition have been 
summarized and discussed. The s tud ies  have shown t h a t  i n  general one mole 
of hydrazine decomposes i n t o  one mole of ammonia, one-ha!f mole o f  hydrogen, 
and one-half mole of n i t rogen.  
depends on both t h e  temperatures and pressure o f  t h e  reac t ion .  The use of 
a c a t a l y s t  can lead t o  increased product ion of both hydrogen and n i t rogen.  
However, i f  t h e  i n c o r r e c t  c a t a l y s t  i s  used, very l i t t l e  hydrogen w i l l  r e s u l t  
from t h e  hydrazine decomposition. 

The exact  s to ich iomet ry  of t h e  reac t ions  

The r e s u l t s  of t h e  previous i nves t i ga t i ons  and present  numerical study 
have, where possible, Been compared. 
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As has been shown, t h e  decomposition mechanism i s  q u i t e  complex, and 
t h e r e  i s  s t i  1 I disagreement among researchers s tudy ing  t h e  hydrazine break- 
down as t o  t h e  exact  steps. i n  t h e  reac t ion .  Several of t h e  i nves t i ga t i ons  
have included s tud ies  of ammonia decomposition, and these have been sum- 
mar i zed. 

I t  i s  c l e a r  t h a t  t h e  p roper t i es  of hydrazine a re  no t  as we l l  determined 
as one would wish. Although previous s tud ies  are no t  i n  exact  agreement, 
t he re  is q u a l i t a t i v e  agreement among them. Much more experimental work, 
however, w i l l  have t o  be performed t o  determine t h e  exact  k i n e t i c s  of t h e  
decomposition reac t i on  mechanism. 
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THE COMPUTATIONAL METHOD 

The computer program used i n  t h e  present  c a l c u l a t i o n  of hydrazine decom- 
p o s i t i o n  was w r i t t e n  by S. Gordon and B. J. McBride (19711, and l i s t e d  i n  
N.A.S.A. SP-273. 
p o s i t i o n  o f  reac t i ng  chemical mix tures f o r  g iven thermodynamic s tates,  i.e. 
s p e c i f i e d  (T,P), (H,P), (S,P), (T,V), (U,V), o r  (S,V), where: 

The program was designed t o  compute t h e  e q u i l i b r i u m  com- 

T = temperature, O K  

P = pressure, newtodmeter 2 

V = s p e c i f i c  volume, meter3/kg 

H = enthalpy, j o u l e s  

S = entropy, jouIes/*K 

U = i n te rna l  energy, j o u l e s .  

The chemical species may be e i t h e r  i n  a gaseous phase and/or i n  a condensed 
phase 

The computer program a l s o  has t h e  c a p a b i l i t y  o f  computing rQcket  
performance parameters, i nc iden t  and r e f l e c t e d  shock parameters, and Chapman- 
Jouguet detonat ion proper t ies .  

The method used f o r  t h e  present s e t  of e q u i l i b r i u m  composit ion ca lcu-  
l a t i o n s  i s  based on t h e  concept t h a t  reac t i ng  chemical systems are  i n  equi- 
l i b r i u m  when t h e  free-energy o f  t h e  system i s  a t  an extremum value. The 
s p e c i f i e d  thermodynamic va r iab les  i n  t h i s  r e p o r t  a re  always pressure and 
temperature. The appropr ia te  thermodynamic f u n c t i o n  f o r  these va r iab les  
i s  t h e  Gibbs f r e e  energy func t ion .  As shown by J. B. Ca l len  (19601, t h i s  
func t i on  w i  I I possess a minimum. The min imiza t ion  of t h e  Gibbs f r e e  energy 
i s  const ra ined by add i t i ona l  phys ica l  condi t ions.  For chemical reac t i on  
systems, one appropr ia te  cond i t i on  i s  t h a t  t h e  mass involved i n  t h e  reac t ions  
be conserved. When a g iven func t i on  possesses an extremum value, which i s  t o  
be determined under one o r  more r e s t r a i n i n g  condi t ions,  t h e  most s u i t a b l e  
technique f o r  determining t h i s  i s  t h e  method of Lagrangian m u l t i p l i e r s .  

The a l t e r n a t i v e  method of c a l c u l a t i n g  chemical e q u i l i b r i u m  composi- 
t i o n  i s  by us ing se ts  of simultaneous e q u i l i b r i u m  equations i n  terms of 
e q u i l i b r i u m  constants. 
t h e i r  advantages and disadvantages, has been discussed by F. J. Zeleznik  
and S. Gordon (1960, 1966, 19681, and S. Gordon (1970). The inves t i va -  
t i o n s  and r e s u l t s  repor ted i n  t h e  above-cited papers formed t h e  bas is  
f o r  t h e  computational method and program o u t l i n e d  by S. Gordon and B. J. 
McBride (1971 1. 

The d i f f e rences  between t h e  two methods, w i t h  
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Gordon (1960, 1970) has shown t h a t  i f  'genera l ized '  methods of s o l u t i o n  
are used t o  so lve  equi I ib r ium problems expressed i n  e i t h e r  free-energy terms, 
or  by e q u i l i b r i u m  constant  equations, t h e  r e s u l t i n g  se ts  o f  equations w i l l  
reduce t o  t h e  same number o f  equations t o  be solved. However, t h e  'constant '  
method has disadvantages no t  present  i n  t h e  free-energy method. The f i r s t  
of these, as noted by Gordon ( 19701, i s  "more bookkeepi ng". I n us i  ng t h e  
'constant '  approach, t h e  components (amounts) of t h e  reactants  and products 
must be selected, and t h e  poss ib le  reac t ions  w r i t t e n  i n  terms o f  these com- 
ponents. Furthermore, e q u i l i b r i u m  constants must be computed. I t  may be 
noted t h a t  such constants are no t  always a v a i l a b l e  i n  t h e  l i t e r a t u r e  for  
h igh  pressures and/or temperatures. 
any p a r t  of t h e  above-mentioned procedures. 

The free-energy method does no t  requi  r e  

I f  a chemical species i s  present i n  o n l y  t r a c e  amounts, i.e. "small 
components," then problems w i l l  occur i n  numer ica l ly  s o l v i n g  t h e  e q u i l i b r i u m  
constant  equations. I n  t h e  free-energy method, numerical d i f f i c u l t i e s  are 
easi I y c i  rcumvented. 

When one o r  more species i s  present  i n  t h e  form o f  a condensed phase 
( l i q u i d  and/or s o l i d ) ,  t h e  composit ion problem i s  very d i f f i c u l t  t o  so lve  
using t h e  'constant '  approach, bu t  i s  much e a s i e r  t o  so lve  by t h e  free-energy 
technique. 

I f  non-ideal equations o f  s t a t e  a re  t o  be used, then t h e  'constant '  
method w i l l  be very d i f f i c u l t  t o  use, as t h e  genera l ized s o l u t i o n  methods 
are no t  very amenable t o  such mod i f i ca t ions .  

P a r t i t i o n  func t ions  may a l s o  be used i n  s o l v i n g  e q u i l i b r i u m  problems. 
As shown by Lee, Sears, and Turco t te  (19631, t h e  e q u i l i b r i u m  constant for 
a g iven chemical reac t i on  may be expressed i n  terms o f  t h e  p a r t i t i o n  func t ions  
of t h e  reac t i ng  species. As an example, cons ider  t h e  reac t i on  

( 1 )  x + Y = XY.  

The e q u i l i b r i u m  constant for  t h e  reac t i on  i s  

( 2 )  

where 

*XY K = -  

zxzy 

Zx = t h e  p a r t i t  

Zy = t h e  p a r t i t  

Zxy = t h e  p a r t i t  

on func t i on  f o r  specie X 

on f u n c t i o n  f o r  specie Y 

on f u n c t i o n  f o r  specie XY. 
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The Gibbs f r e e  energy func t i on  can a l s o  be w r i t t e n  i n  terms of t h e  
p a r t i t i o n  func t ions  : 

( 3 )  

0 no no 
Gf = -k?T ln (  r:] [ ~ ]  zY [~ '") 

where k 9 =  t h e  Boltzmann constant, and ng, ny, and nxy are t h e  number of 
molecules o f  species X, Y, and XY a t  equ i l i b r i um.  

Using t h e  p a r t i t i o n  func t ions  i n  t h e  c a l c u l a t i o n  o f  e q u i l i b r i u m  chemical 
compositions invo lves computing e q u i l i b r i u m  constants, a step which i s  no t  
necessary i n t h e  f ree-energy method. 

I n  t h e  N.A.S.A. computer program, it i s  assumed t h a t  a l l  gaseous 
chemical species w i l l  behave as ideal  gases. F o r  t h e  h igh  temperatures and 
pressures considered i n  t h e  present  work, t h e  i dea l  gas law w i l l  be a f a i r  
approximation t o  t h e  rea l  behavior o f  t h e  reac t i ng  system. The equat ion of 
s t a t e  for  idea l  gases i s  w r i t t e n  

(4)  

where 

P 
- -  - NRT 
P 

m 
N =  E n j  

j= i 

= t h e  number of kg-moles o f  t h e  jth species. 
"j 

m = t h e  number o f  species i n  t h e  gas mix tu re  

n - m = t h e  number of condensed species.  

The f o l l o w i n g  d iscuss ion i s  based i n  p a r t  on t h e  mater ia l  i n  t h e  repor ts  
of Zeleznik  and Gordon (1968) and Gordon and McBride (1971). The Gibbs f ree-  
energy func t i on  may be def ined as 

( 5 )  Gf = Gf(T,P,nj) 

o r  equ iva len t ly ,  
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and as 
m 

(7) 

then 

( 8 )  

dU = TdS - PdV + Z pjdnj 
j 

m 
dGf = -SdT + VdP + 2 p.dn 

J j  
j 

where t h e  chemical p o t e n t i a l  (per  kg-mole) i s  def ined as 

The Gibbs func t i on  i s  homogeneous i n  n i.e. t h e  Gibbs func t ion  has 
j '  t h e  proper ty  t h a t  

Gf(T,P,An.) = AGf(T,P,n.) . 
J J 

( I O )  

As prev ious ly  mentioned, t h e  Gibbs f r e e  energy func t i on  i s  appropr ia te  
i n  analyz ing systems where t h e  pressure and temperature are  of constant value. 
I t  was a l s o  s t a t e d  t h a t  t h e  func t i on  w i l l  have a minimum value for  a system 
i n  equ i l i b r i um.  A system i s  considered t o  be i n  e q u i l i b r i u m  i f  it i s  no t  
changing, e i t h e r  mechanically, thermal ly ,  o r  chemical l y .  

To show t h a t  t h e  Gibbs func t i on  o f  a system i s  of minimum value when 
t h e  system i s  i n  equ i l i b r i um,  consider a system i n  contact  w i t h  two ! reser-  
vo i r s ' ,  one a t  constant  temperature, t h e  o the r  a t  constant  pressure. The 
general cond i t i ons  f o r  e q u i l i b r i u m  are t h a t  

( I  I >  

(12) 

dU = 0 

2 d U  = 0. 

For an e q u i l  ib r ium s i t u a t i o n ,  t h e  t o t a l  energy of t h e  g iven system and 
t h e  two ' rese rvo i r s '  must be of minimum value. Hence, 

(13) d(U + Ur) = 0 

where r re fe rs  t o  ' r e s e r v o i r '  condi t ions.  For t h e  constant  temperature 
rese r vo  i r, 
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and f o r  t h e  constant  pressure reservo i r ,  

(15) 

Therefore, 

dUr,p = PrdV. 

(16) d(U + Ur) = dU - TrdS + PrdV 

(17) d(U + Ur) = d(U - TrS + PrV) e 

Since t h e  g iven system w i l l  have a temperature equal t o  Tr, and a 
pressure equal t o  P,, 

(18) d (U  + Ur) = d(U - TS + PV) 

(19) d(U + Ur)  = dGf 

and t h e  cond i t i on  f o r  e q u i l i b r i u m  becomes, f o r  constant  temperatures and 
p ress u res, 

For chemical ly  reac t i ng  systems, 
by using t h e  Eu ler  r e l a t i o n  (Callen, 
(181. 

= 0 .  

t h e  equ iva len t  
960)  and subst 

con,dit ion is determined 
t u t i n g  i n t o  equation 

m 

j = l  
U = TS - PV + r, p j n j  

The e q u i l i b r i u m  cond i t i on  then becomes 

( 2 2 )  
m 

j = l  
d (  p .n .1  = 0 

J J  

To show t h a t  t h e  cond i t i on  i s  f o r  a minmum value o f  t h e  Gibbs funct ion,  
cons i der  t h e  second de r i  va t  i ve o f  t h e  system energy. 

2 ( 2 3 )  d (U + Ur) = d% + Trd2S + Prd2V = d2Gf 
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and f o r  t h e  reservo i rs ,  

(24 1 Trd2S = 0 

Prd 2 V = 0 

and from equat ion (121, 

2 2 ( 2 6 )  d ( U + U r )  = d G f  > 0 0  

The Gibbs func t i on  thus has a minimum value f o r  a system i n  equ i l ib r ium.  

The free-energy per  k i logram of gas mix tu re  is, f o r  constant temperature 
and pressure, 

n 
( 2 7 )  

j = l  

The cond i t i on  f o r  t h e  mass balance o f  t h e  reac t i on  system needs t o  be con- 
sidered. The expression f o r  t h e  mass balance i s  

n 

j = l  

( 2 8 )  z a i j b j  - b y  = 0 i = I ,  . . . , 

= t h e  s t o i  ch i ometri  c coef f i c i  ents  ( the  kg-atoms of  
element i per  kg-mole o f  specie j )  i j  where a 

by 
= t h e  spec i f i ed  number o f  kg-atoms o f  element i per  

kg o f  t o t a l  reac tan ts .  

Define a func t ion  G as 

(29 1 

where 

0 
R 

G = g +  x A i ( b i  - b i )  

i = l  

hi  = a Lagrangian m u l t i p l i e r  

R = t h e  number of chemical elements 
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Equation (29) represents t h e  Gibbs Function, which i s  t o  be minimized, 
w i t h  t h e  app l ied  cons t ra in t .  The cond i t i on  f o r  e q u i l i b r i u m  becomes 

I f  t h e  v a r i a t i o n s  i n  n .  and A.  a re  independent, !.e. independent 6n and 
6Ai, then t h e  r e s u l t i n $  equi I fbr ium equations are  j 

R 

(32) bi - by = 0 .  

I t  should be noted t h a t  A conta ins t h e  cond i t i on  f o r  phase equ i l ib r ium,  
and t h a t  t h e  chemical p o t e n t i a l  o f  a species i s  t h e  same f o r  a l l  phases of 
t h e  species a t  a g iven temperature and pressure. 

For t h e  ideal  gas equation o f  s ta te ,  t h e  chemical p o t e n t i a l  o f  t h e  j t h  
species may be expressed as 

j = I , . . . , m  

- j = m + l ,  . . . ,  n (34) 5 - lq 
i s  where p j  i s  t h e  chemical p o t e n t i a l  i n  t h e  standard s ta te ,  and Patm 

pressure g i ven i n terms of atmospheres. 

0 

The equations t o b e  solved by Newton-Raphson i t e r a t i o n  f o r  t h e  njjl h i ,  
and t h e  numbers o f  moles, a re  l i s t e d  i n  t h e  r e p o r t  by Gordon and McBride. 
D e t a i l s  on i n i t i a l  est imates f o r  t h e  chemical composition, c r i t e r i a  for  t h e  
covergence of t h e  numerical so lu t ions ,  t e s t s  for  t h e  p o s s i b i l i t y  of con- 
densed phases, and phase t r a n s i t i o n s ,  and mathematical s i n g u l a r i t i e s  a re  
a l so  t o  be found i n  t h e  repor t .  

The thermodynamic data provided i n  t h e  r e p o r t  w i t h  t h e  program l i s t i n g  
are  mostly from t h e  JANAF thermochemical proper ty  tab les .  For each chemical 
species, t h e  s p e c i f i c  heat for  constant pressures, t h e  enthalpy, and t h e  
entropy were computed from t h e  f o l l o w i n g  equations. 
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(35) - -  c; - a t  + a2T + a3T2 + a4T3 + a5T 4 
R 

I RT 2 3 4 5 T 

SO a a 

R 2 3 4 7 
= alRn T + a2T + 2T2 + A T 3  + T + a 

where the a are 'least-squares' coefficients, which are provided in the 
program data deck. Two sets of coefficients are listed, for the tempera- 
ture ranges 300 O K  to 1000 O K ,  and from 1000 O K  to 5000 O K .  The use of 
either set of coefficients will give identical results at a temperature 
of 1000 O K .  

k 
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t 
0 

either case, the reaction is exother 
Thus, any equilibrium calculation, such as that given here, will show 
no N2H4 concentration - for any temperature. 
- P -- 
- 
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A comparison may be made between t h e  r e s u l t s  of t h e  present computa- 
t i o n  and t h e  r e s u l t s  o f  A. S. Keston (1967). A summary o f  t h e  r e s u l t s  
compared i s  g iven i n  t h e  f o l l o w i n g  tab le .  

Table 5. Comparison o f  Keston r e s u l t s  w i t h  present computations. 

T, OK 

IO00 

1054 

I054 

P 

Mole F r a c t i o n  (Keston) 

HZ 1 N2 I NH3 
1 I 

.55 -31 . I 4  
( - 5 9 )  

.55 .31 . I4  
(.56) 

.57 .32 . I2  
( -54)  (. 15) 

~ 

.330 

!n t  work) 

NH3 

,0012 

.0059 

. O I  I O  

The numbers i n  0 i n d i c a t e  experimentally-determined values (Keston, 1967). 

A comparison between t h e  sets  of r e s u l t s  shows good agreement as t o  
t h e  amount of n i t rogen  produced. 
are f o r  t h e  mole-fract ions of hydrogen and ammonia. 
r e t i c a l  p r e d i c t i o n s  and experimental f ind ings,  Keston's r e s u l t s  i n d i c a t e  
t h a t  fewer moles of hydrogen w i l l  be produced, and many more moles o f  
ammonia. Q u a l i t a t i v e l y ,  both i nves t i ga t i ons  showed t h a t  an increase i n  
t h e  pressure for  a given temperature w i l l  r e s u l t  i n  t h e  product ion o f  
more ammonia. I t should be noted, however, t h a t  Keston's r e s u l t s  a re  f o r  
steady f low of hydrazine across a Shel l  405 c a t a l y s t  bed. The data he 
presents do n o t  appear t o  have reached zero r a t e  o f  change w i t h  a x i a l  posi-  
t i o n  i n  t h e  c a t a l y s t  bed and thus  can be expected t o  show t h e  lower H2 
concentrat ions than would e q u i l i b r i u m  calcu lat ions;  t h i s  i s  because most 
o f  +he H2 i s  produced by an endothermic decomposition o f  NH 

through t h e  c a t a l y s t  bed. 

The discrepancies between t h e  r e s u l t s  
For both t h e  theo- 

which pro- 
ceeds a t  a f i n i t e  rate, ev ident ly ,  slower than t h e  t r a n s i t  ?- ime o f  t h e  gas 

Two factors ,  i n  a d d i t i o n  t o  t h e  bas ic  thermodynamic data used i n  t h e  
computation, c e r t a i n l y  a f f e c t  t h e  accuracy of these resu l t s :  
t h e  condensation of one or more of  t h e  species a t  c e r t a i n  cond i t i ons  and 
t h e  second i s  t h e  rea l  gas behavior o f  t h e  var ious species. One would 
expect t h a t  f o r  t h e  temperatures and pressures considered i n  t h e  present 
i n v e s t i g a t i o n  I-$ and N2 behave s u b s t a n t i a l l y  as p e r f e c t  gases, f a r  removed 
from saturat ion.  NH3, on t h e  o t h e r  hand,may e a s i l y  sa tu ra te  (see Table 6 ) .  
Thus one should a l s o  consider t h e  non-ideal nature o f  NH3 for  pressures 
and temperatures immediately above s a t u r a t i o n  i n  est imat ing t h e  mole 
f r a c t i o n  o f  t h e  var ious species present. 

The f i r s t  i s  
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Table 6. Saturat ion curve o f  ammonia. 

405.6 (C.P.) 

P % atm 

0.05997 
0.08553 
0. I756 
0.3347 
0.5982 
I .OI24 
I .6320 
2.526 
3.769 
5.446 
7.652 

10.485 
14.063 
18.49 
23.90 
30.42 
38.19 
47.40 
58.14 
70.60 
84.94 

101.5 
111.5 

Figure I O  compares t h e  ideal  NH3 gas pressure f o r  given densi ty  and 
temperature w i t h  t h e  rea l  gas pressure (Din,1956) a t  t h e  same condi t ions.  
The t rends shown i n  t h e  f i g u r e  can be explained as fo l lows:  A s  t h e  pres- 
sure increases a t  constant temperature t h e  energy i n  t h e  NH3 molecule 
f i r s t  tends t o  migrate from t h e  t r a n s l a t i o n a l  degrees of freedom t o  t h e  
r o t a t i o n a l  o r  v i b r a t i o n a l  degree o f  freedom. Consequently t h e  molecule 
t r a n s f e r s  less momentum (exer ts  a smal ler  pressure) as t h e  r e s u l t  of elas- 
t i c  c o l l i s i o n s  w i t h  o t h e r  molecules than would be expected f r o m  a know- 
ledge o f  i t s  energy content. A s  one attempts t o  crowd more and more 
molecules o f  t h e  same energy content i n t o  a given volume, c o l l i s i o n s  
f i n a l l y  become so numerous t h a t  a l l  t h e  atoms i n  t h e  molecule become 
involved more o r  less simultaneously, g i v i n g  one t h e  appearance o f  reduc- 
ing t h e  a c t i v i t y  i n  t h e  v i b r a t i o n a l  degree of freedom. This  process i s  
most apparent where t h e  t o t a l  energy content i s  small, e.g. a t  low 
temperatures, j u s t  above condensation. 
pressure i s  about a f a c t o r  of t h r e e  lower than t h e  ideal  gas pressure 
f o r  t h e  same s p e c i f i c  volume and temperature. 

I n  t h e  worst case t h e  rea l  gas 
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The r e s u l t s  cann The t o t a l  pres- 

from NHg than NH3 rnol- 
sure g ives  an i n d i c a t i o n  of t h e  crow 
molecules may induce a somewhat d i f f  
ecules on NH . Genera NH i n  a mix tu re  

o?al pressure 
pressure fo r  t h e  would drop somewhat ( i n  I 

prevai I i ng temperature vo I ume f r a c t i o n s  
o f  N2 and H2 would t h e  he t o t a l  pres- 
sure is then somewhat lo I d  then tend t o  
increase. The ne t  res  rom t h a t  g iven by 
t h e  p e r f e c t  gas comput 

lecu les bu t  N2 and H2 

ri-ion t o  t h e  cha 
would sudden 7 y go from 

I n  comparing equi I i b  t s  f o r  c a t a l y t i c  
beds it i s  i n s t r u c t i v d  t o  t a l y s t  can promote 
t h e  r e d i s t r i b u t i o n  o f  y t h e  cons t i t u -  
ents  bu t  it does n o t  ddd o r  k ed o r  cooled). 
I n  t h e  case of hydrazine t h e  i n ' i t i a l  reac t i on  

(3) 

i s  exothermic. I f  t h e  energy released i n  t h i s  cess i s  a l l  used t o  
e f f e c t  t h e  endothermic decomposition o f  NH 

t h e  incoming N2H4, t h e  mole f r a c t i o n s  o f  t h e  product species w i l l  be as 
g iven by t h e  e q u i l i b r i u m  c a l c u l a t i o n .  Viewed i n  ,+his l i g h t  t h e  e q u i l i -  
br ium c a l c u f s t i o n s  prov ide an upper bound f o r  t 
cata I y t  i c reac tor .  

t o  and H2 then when t h e  
temperatures and pressures of all t h e  reac ? ion  ducts equals t h a t  of 

f fect iveness of a 

sb simple. The reac t  
m a i l a b l e  t o  decompo 
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APPENDIX A - Nomenclature 

A 

ai j 

bi 

bo 
i 

C 
V 

C 
P 

Gf 

9 

H 

K 

k 

k '  

k t  

k2 

m 

N 

n 

"X 

"Y 

"Y 

P 

R 

He I mho 

s t o  i ch 

t z  f r e e  energy 

ometr ic  c o e f f i c i e n t  

J 
spec i f i ed  number o f  kg-atoms o f  element i per  kg o f  t o t a l  reac tan ts  

constant volume s p e c i f i c  heat 

constant  pressure s p e c i f i c  heat 

G i  bbs 

G i  bbs 

entha 

equi I 

reac t  

f r e e  energy func t i on  

f r e e  energy per  kg o f  gas mix tu re  

PY 

b r i  um constant, genera I reac t  

on r a t e  constant  

Boltzmann constant  

on equat ion 

reac t i on  r a t e  constant f o r  f i r s t  o rder  reac t i on  

reac t i on  r a t e  constant  for second order  reac t i on  

number of species i n  t h e  gas mix tu re  

t o t a l  number o f  moles 

number o f  species i n t h e  r e a c t i  ng syst-em 

number o f  moles of specie X 

number of moles o f  specie Y 

number o f  moles o f  reac t i on  product XY 

pressure 

gas constant  

S eni ropy 
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T 

t 

U 

V 

Z 

zX 

zXY 

Y 
Z 

a 

B 

x 
IJ 

P 

temperature 

time 

i nterna I energy 

spec fic volume 

part tion function 

part tion function for specie X 

partition function for specie Y 

partition function for the reaction product XY 

thermal expansion coefficient 

compressibility 

Lagrang i an mu I ti p I i er 

chemical potential 

density 

Superscripts 

o quantity at equilibrium 

Subscripts 

c value of quantity at the critical point 

i chemical specie indexing number 

j chemical specie indexing number 

r reservo i r' cond it i on 

T value for specified temperature 

[O ] brackets containing chemical symbols refer to concentrations of those 
chemical species. 

Note: Duplicate symbols and/or other symbols appearing in the report are 
defined in the section where used. 
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# 

3 
# 
a, 
fY 

c - 

c 
0 

U 
3 
-P 

.- 
t - 

z 
I 
m 
X 

z 
W a 

E 

a a 

d 
a0 
9 
0 

0 

V I W  
CDM 
0 0  
09 

* e  eo 

rl 
(v 
0 
0 

d 

QI 
0 
Q 
0 
4 

8 
c; 
0 
0 

C U N  

0 0  
0 0  

aa 

eo e .  

55 



56 

ry 
2 

i 
b= 
4 

0 
e 

0 m 

II 
W 
PL 
3 

0 z 
Q 

Q 
0 
m 

0 



J 
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e 
3E c 
Q 

0 
e 
a 
0 
r* 

H 

UJ 

It 

w 
CL 
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a 
L c a 
Q 

0 
0 
N 

0 

11 

UJ 

a x 
t a 
0 

a 
0 
OI 
r 4  

II 
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o 
x 
CI 
4 

0 

0 m cv 

e 

II 

ac: 
3 
v) 
v) 
Lu 
Ix a. 



II 
ut 
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CI a 
0 

0 
* 

N 

It 

u 
ci 
3 
v) 
v) 
Lu 
Q: 
Q 

0 az 
t 

0 

a 

8 
0 m 

It 

65 



* 
?c 
I- a 
0 

0 

Fn 
m 

66 



hl z 

67 



68 



0 
Q m 
4- 

11 

W 
OL 
3 
SA m 
tu 
at 
Q 

0 
P 
!- 

0 

a 

c 
0 cv * 
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* 
x 
I, 
4 

0 
0 
0 
VI 

* 

It 
w 
d 
3 

v) 
W 
g: 
0. 

E 
CI 
4 
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a 
p. 
4 

Q 

0 cv 
M 

0 

It 

W 

# 
# 
ut 
ClL a 

4 

w 
w 
OL 
3 
vt 
# 
W a: a 
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i c 
4 

0 

0 
9 

0 

0 
I 
CI 

0 
a 

a 

H 

u 
01: 
3 
VI 
v) 
UJ 
r*: a 

n 
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d 
9 
r) 

* 
z c a 
a 

0 
0 
0 
d 
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